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Abstract²7KH SUHVHQW VWXG\ZDV FDUULHG RXW WR XQGHUVWDQG WKH
H[WHQWRIHIIHFWRI URXJKQHVVDQG5H\QROGVQXPEHU LQRSHQFKDQQHO
IORZ 2&) 7R WKLV H[WHQW IRXU GLIIHUHQW W\SHV RI EHG VXUIDFH
FRQGLWLRQV FRQVLVWLQJ VPRRWK GLVWULEXWHG URXJKQHVV FRQWLQXRXV
URXJKQHVVQDWXUDO VDQGEHGDQG WZRGLIIHUHQW5H\QROGVQXPEHU IRU
HDFKEHGVXUIDFHVZHUHDGRSWHGLQWKLVVWXG\3DUWLFXODUDWWHQWLRQZDV
JLYHQRQPHDQYHORFLW\ WXUEXOHQFH LQWHQVLW\5H\QROGV VKHDU VWUHVV
FRUUHODWLRQKLJKHURUGHUPRPHQWVDQGTXDGUDQWDQDO\VLV)XUWKHUWKH
H[WHQWRILQIOXHQFHRIURXJKQHVVDQG5H\QROGVQXPEHULQWKHGHSWK
ZLVH GLUHFWLRQ DOVR VWXGLHG ,QFUHDVLQJ 5H\QROGV VKHDU VWUHVV QHDU
URXJKEHGVDUHQRWLFHGGXH WRDUUD\VRIGLVFUHWHURXJKQHVVHOHPHQWV
DQG IORZ RYHU WKHVH HOHPHQWV JHQHUDWLQJ D VHULHV RI ZDNHV ZKLFK




5H\QROGV 6KHDU 6WUHVV WXUEXOHQW ERXQGDU\ OD\HU YHORFLW\ WULSOH
SURGXFW
, ,1752'8&7,21
+( VWUXFWXUH DQG G\QDPLFV RI RSHQ FKDQQHO IORZZKLFK
FRPSULVHV D VKHDUERXQGDU\ OD\HU OLNH IORZ LV RI YLWDO




PRPHQWXPE\ WXUEXOHQFH )RU H[DPSOH LQ WKH FDVH RI VRPH
EHQWKLF RUJDQLVPV QXWULWLRQR[\JHQ XWLOL]DWLRQ UDWHV DUH
NQRZQWRYDU\ZLWKIORZFRQGLWLRQV,QFUHDVLQJFXUUHQWVSHHG
HQKDQFHVYHUWLFDO GLIIXVLYH WUDQVSRUW RISK\WRSODQNWRQGXH WR
LQFUHDVHG WXUEXOHQW PL[LQJ $OWKRXJK WKH PHFKDQLVPV
FRQFHUQLQJ WKH DERYH PHQWLRQHG SKHQRPHQD KDYH EHHQ
VWXGLHG LQ WKH SDVW WKH\ DUH QRW FRPSOHWHO\ XQGHUVWRRG
5HIHUHQFH >@ LQGLFDWHV WKDW HYHQ DYHUDJH SDUWLFOH YROXPH
IUDFWLRQV DV ORZ DV  OHDG WR D VLJQLILFDQW PRGXODWLRQ RI
WXUEXOHQFH7KH VKDSH VL]H DQG DUUDQJHPHQWRIEHGSDUWLFOHV
DOVRFRQWULEXWHWRWKHPRGXODWLRQRIWXUEXOHQFH,QFRQWUDVWWR
WKH YDVW UHVHDUFKRQ WXUEXOHQW ERXQGDU\ OD\HU DQGSLSH IORZ
UHVHDUFKLQRSHQFKDQQHO WXUEXOHQFHKDVRQO\EHHQFRQGXFWHG
VLQFH V 6LQFH WKHQ H[WHQVLYH H[SHULPHQWDO DQG

0G $EGXOODK $O )DUXTXH $VVRFLDWH 3URIHVVRU LV ZLWK WKH &LYLO




WKH &HQWUH IRU ([HFXWLYH DQG 3URIHVVLRQDO (GXFDWLRQ 3URIHVVRU )DFXOW\ RI
(QJLQHHULQJ8QLYHUVLW\RI:LQGVRU6XQVHW$YH:LQGVRU21&DQDGD
1%3HPDLOUDPEDOD#XZLQGVRUFD
WKHRUHWLFDO WXUEXOHQW IORZV RYHU VPRRWK VXUIDFHV KDYH EHHQ
FRPSOHWHG>@>@)ORZRYHUDURXJKVXUIDFHKDVVLJQLILFDQFH
LQPDQ\HQJLQHHULQJDSSOLFDWLRQV+RZHYHUDVULJKWO\SRLQWHG
E\ >@ IORZRYHU URXJK VXUIDFH FRQWLQXHV WR EH WKH$FKLOOHV
KHHO RI WXUEXOHQFH UHVHDUFK 7KH VXJJHVWHG XVH RI WXUEXOHQW




GXH WR WKHSUHVHQFHRI IUHH VXUIDFH DQG WKH VLGHZDOOV RI WKH
RSHQFKDQQHO)UHHVXUIDFHDOVRGDPSHQVWKHYHUWLFDOYHORFLW\
IOXFWXDWLRQV
5HIHUHQFH >@ VWXGLHG WKH IORZ SURJUHVVLRQ IURP D
GHYHORSLQJVWDWHWRDIXOO\GHYHORSHGFRQGLWLRQDQGQRWHGWKDW
DORQJWKHD[LVRIDIXOO\GHYHORSHGVHFWLRQWKHERXQGDU\OD\HU
H[WHQGV WR WKHZDWHU VXUIDFH LI WKHDVSHFW UDWLREG1HDU




]HURSUHVVXUHJUDGLHQW WXUEXOHQW ERXQGDU\ OD\HU HYHQ WKRXJK
WKHERXQGDU\ OD\HU LQ DQRSHQ FKDQQHO IORZ LV LQIOXHQFHGE\
WKH IUHH VXUIDFH 5HIHUHQFH >@ UHODWHG WKH DVSHFW UDWLR
ZLGWKGHSWKUDWLRRIIORZEGWRWKHIRUPDWLRQRIVHFRQGDU\
FXUUHQWV DQG QRWHG WKDW WKH PD[LPXP YHORFLW\ RQ WKH
FHQWHUOLQH RFFXUUHG EHORZ WKH IUHH VXUIDFH IRU EG  
YHORFLW\GLSSKHQRPHQRQ5HIHUHQFH >@ LQGLFDWHG WKDW WKH
VWUHDPZLVH PHDQ YHORFLW\ SURILOHV IROORZ WKH ZHOONQRZQ
ORJDULWKPLF ODZ IRU WKH VPRRWK VXUIDFH DQG ZLWK DQ
DSSURSULDWH VKLIW IRU WKH URXJK VXUIDFH 5HIHUHQFH >@
REVHUYHGWKDWZDOOURXJKQHVVOHGWRKLJKHUWXUEXOHQFHOHYHOVLQ
WKHRXWHU UHJLRQRI WKHERXQGDU\ OD\HU5HIHUHQFH >@QRWHG
WKDWURXJKQHVVHQKDQFHVWKHOHYHOVRIWKHWXUEXOHQFHLQWHQVLWLHV
RYHUPRVWRIWKHIORZ
5HIHUHQFH >@ QRWHG WKDW WKH FRKHUHQWZDOO VWUXFWXUHV DUH
WKH GRPLQDQW IDFWRU DIIHFWLQJ SDUWLFOH PRWLRQ QHDU D VROLG





WKHVHFRQGRUGHU WXUEXOHQWVWUHVVHVDUHVLPLODU WR WKHVPRRWK
ZDOO GLVWULEXWLRQV 5HIHUHQFH >@ QRWHG WKDW URXJKQHVV
HQKDQFHVWKHOHYHOVRIWKH5H\QROGVVKHDUVWUHVVRYHUPRVWRI
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ZD\ WKDW GHSHQGV RQ WKH VSHFLILF JHRPHWU\ RI WKH URXJKQHVV
HOHPHQWV 7KH\ DOVR QRWHG WKDW VXUIDFH URXJKQHVV HQKDQFHV
WKH OHYHO RI WKH5H\QROGV VWUHVVHVRYHUPRVWRI WKH IORZDQG
VXJJHVW D VWURQJHU LQWHUDFWLRQ EHWZHHQ WKH LQQHU DQG RXWHU
UHJLRQV RI WKH IORZ WKDQ ZRXOG EH LPSOLHG E\ WKH ZDOO
VLPLODULW\K\SRWKHVLV
5HIHUHQFH>@SUHGLFWHGWKDWWKH5H\QROGVVKHDUVWUHVV uv 
PLJKW EHFRPH QHJDWLYH QHDU WKH IUHH VXUIDFH LI WKH IORZ
EHFRPHWKUHHGLPHQVLRQDOZKHQEG+HHPSKDVL]HGWKH
LPSRUWDQFH RI WKH FRUUHODWLRQ FRHIILFLHQW RI WKH 5H\QROGV
VWUHVVEHFDXVH LW LQYROYHGRQO\ WXUEXOHQFHTXDQWLWLHVZLWKRXW
WKH QHHG IRU HVWLPDWLQJ IULFWLRQ YHORFLW\ &RUUHODWLRQ
FRHIILFLHQW RI WKH 5H\QROGV VWUHVV LQGLFDWHV WKH GHJUHH RI
VLPLODULW\ RI WXUEXOHQFH DQG FRXOG EH GHILQHG DV 5  
uv X¶Y¶ +HUH X¶ DQG Y¶ LV WKH WXUEXOHQFH LQWHQVLW\ LQ
VWUHDPZLVH GLUHFWLRQ DQG QRUPDO WR WKH EHG UHVSHFWLYHO\
5HIHUHQFH >@ QRWHG WKDW WKH YDOXH RI 5 LQFUHDVHV
PRQRWRQRXVO\ ZLWK \G LQ WKH ZDOO UHJLRQ GHFUHDVHV LQ WKH
IUHHVXUIDFH UHJLRQ DQG UHPDLQV QHDUO\ FRQVWDQW DW DERXW
a LQ WKH LQWHUPHGLDWHUHJLRQ\G+HDOVR
QRWHG WKDW WKH GLVWULEXWLRQ RI 5 LV XQLYHUVDO LH LW LV
LQGHSHQGHQW RI WKH SURSHUWLHV RI PHDQ IORZ DQG WKH ZDOO
URXJKQHVV 5HIHUHQFH >@ QRWHG WKDW WKH 5H\QROGV VWUHVV
DWWDLQVDPD[LPXPDQGGHFUHDVHVWRZDUGVWKHEHGLQWKHZDOO
UHJLRQ7KH\H[SODLQHG WKDW LQ WKHFDVHRI VPRRWKZDOOV WKLV
EHKDYLRUZDVGXHWRWKHYLVFRXVHIIHFWVZKLOHIRUURXJKZDOOV
LW ZDV GXH WR WKH H[LVWHQFH RI D URXJKQHVV VXEOD\HU ZKHUH
DGGLWLRQDO PHFKDQLVPV IRU PRPHQWXP H[WUDFWLRQ HPHUJH
7KH\ QRWLFHG FRQWUDGLFWLQJ EHKDYLRU RI 5H\QROGV VWUHVVZLWK
YDULDWLRQRI5H\QROGVQXPEHUDQGDVVRFLDWHGWKLVWRVHFRQGDU\
FXUUHQWVGXHWRDUHODWLYHO\ORZHUYDOXHRIDVSHFWUDWLR
5HIHUHQFH >@ UHSRUWHG WKDW WKH UHODWLYH FRQWULEXWLRQV RI
VZHHS DQG HMHFWLRQ HYHQWV ZLWKLQ WKH VXEOD\HU VKRZHG WKDW




VXUIDFH URXJKQHVV VLJQLILFDQWO\ HQKDQFHV WKH OHYHOV RI WKH
WXUEXOHQFH NLQHWLF HQHUJ\ DQG WXUEXOHQFH GLIIXVLRQ LQ DZD\
WKDW GHSHQGV RQ WKH VSHFLILF JHRPHWU\ RI WKH URXJKQHVV
HOHPHQWV 5HIHUHQFH >@ VKRZHG WKDW WKH WULSOH SURGXFWV DUH
VHQVLWLYH WR WKH ZDOO FRQGLWLRQ DQG WKH HIIHFWV DUH SUHYDOHQW
WKURXJKRXWWKHGHSWKRIIORZ7KH\QRWHGWKDWHMHFWLRQHYHQWV
DUHGRPLQDQWWKURXJKRXWWKHGHSWKDQGDOVRYDU\VLJQLILFDQWO\
ZLWK ZDOO URXJKQHVV )URP WKH YHORFLW\ TXDGUDQW
GHFRPSRVLWLRQ WKH\ DOVR QRWHG WKDW WKH PDJQLWXGHV RI WKH
H[WUHPHHYHQWVDUHKLJKHUIRUWKHURXJKZDOOLQFRPSDULVRQWR
VPRRWKZDOOWKURXJKRXWWKHGHSWK7KLVLQGLFDWHVWKDWHIIHFWRI
EHG URXJKQHVV LV QRW OLPLWHG WR WKH UHJLRQ FORVH WR WKH EHG
5HIHUHQFH >@ VKRZHG IURP WKH TXDGUDQW DQDO\VLV WKDW WKH
WXUEXOHQWVWUXFWXUHVLQWKHRXWHUUHJLRQRIWKHRSHQFKDQQHOLV
VLPLODU WR WKH VWUXFWXUHV QRWHG LQ WXUEXOHQW ERXQGDU\ OD\HUV
EXWRQO\IRUWKHFDVHZKHUHDOOWXUEXOHQWHYHQWVZHUHLQFOXGHG




$P ORQJ UHFWDQJXODURSHQ FKDQQHO IOXPH FURVVVHFWLRQ
PP[PPZDVXVHG WRFDUU\RXW WKHH[SHULPHQWV
)LJVKRZVWKHVFKHPDWLFGUDZLQJRIWKHRSHQFKDQQHOIOXPH
DQG H[SHULPHQWDO VHWXS XVHG LQ WKLV VWXG\ 7UDQVSDUHQW
WHPSHUHGJODVVZDVXVHGWRFRQVWUXFWWKHVLGHZDOOVDQGERWWRP
RI WKHIOXPHWRIDFLOLWDWHYHORFLW\PHDVXUHPHQWVXVLQJD ODVHU









PHDVXUHPHQW UHJLRQ UHVXOWLQJ LQ DZLGWKWRGHSWK UDWLR EG
RIDSSUR[LPDWHO\7KH IORZ LVFRQVLGHUHG WREHQRPLQDOO\
WZRGLPHQVLRQDO >@ EHFDXVH WKH DVSHFW UDWLR RI  LV
FRQVLGHUHG WR EH ODUJH HQRXJK WR PLQLPL]H WKH HIIHFW RI
VHFRQGDU\FXUUHQWV7RFRQGLWLRQ WKH IORZ IORZVWUDLJKWHQHUV
ZHUH XVHG DW WKH EHJLQQLQJ DQG WKH HQG RI IOXPH 7KH IORZ
FRQGLWLRQVZHUHPDLQWDLQHGLQVXFKDPDQQHUWKDWWKHUHZDVQR
LQLWLDWLRQ RI VDQG PRYHPHQW +RZHYHU D VDQG WUDS ZDV
SURYLGHG DW WKH GRZQVWUHDP RI WKH EHG WR SUHYHQW DQ\
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2QH VPRRWK EHG DQG WKUHH GLIIHUHQW URXJK W\SHV RI EHG
VXUIDFH FRQGLWLRQV ZHUH XVHG LQ WKLV VWXG\ $ K\GUDXOLFDOO\
VPRRWK VXUIDFH JHQHUDWHG XVLQJ D  P ORQJ SROLVKHG
DOXPLQXPSODWHVSDQQLQJWKHHQWLUHZLGWKRIIOXPH)LJD
DQGXVH LW DV D EDVH FDVH6DQGSDUWLFOHV G  PPVJ
   dd    ZHUH XVHG WR FUHDWH WKH WKUHH GLIIHUHQW
W\SHV RI URXJK VXUIDFHV 7R JHQHUDWH WKH ILUVW URXJK VXUIDFH
GHVLJQDWHG DV µGLVWULEXWHG URXJKQHVV¶ PP ZLGH VDQG
VWULSV ZHUH JOXHG WR WKH VPRRWK DOXPLQXP SODWH DOWHUQDWLQJ
ZLWK PPZLGH VPRRWK VWULSV DV VKRZQ LQ)LJ  E7KH
VHFRQGURXJKQHVVFRQGLWLRQFRQVLVWHGRIWKHVDPHVDQGJUDLQV
JOXHG RYHU WKH HQWLUH VPRRWK VXUIDFH DV VKRZQ LQ )LJ  F
FRQWLQXRXVURXJKQHVV,QERWKFDVHVWKHVDQGZDVDIIL[HGWR
WKHDOXPLQXPSODWHLQDVLQJOHJUDLQOD\HU7KLUGURXJKVXUIDFH










D IXOO\ GHYHORSHG WXUEXOHQW IORZ LQ WKH WHVW UHJLRQ IRU WHVWV
RYHUWKHVPRRWKEHG$PPGLDPHWHUURGZDVXVHGDVDWULS
XSVWUHDPRIWKHPHDVXUHPHQWUHJLRQWRHQVXUHWKHSUHVHQFHRI
D WXUEXOHQW ERXQGDU\ OD\HU 7KH ERXQGDU\ OD\HU VKDSH IDFWRU
IRUWKHVPRRWKEHGLVIRXQGWREH§ZKLFKFDQEHGHILQHG
DVWKHUDWLRRIGLVSODFHPHQWWRPRPHQWXPWKLFNQHVVZKLFKLV
DQ LQGLFDWLRQRI IXOO\ GHYHORSHG WXUEXOHQW IORZ >@ IRU WHVWV
RYHU WKH VPRRWK EHG 7KH PHDVXUHPHQWV IRU WKH GLVWULEXWHG
URXJKQHVV ZHUH FRQGXFWHG RQ WRS RI WK VDQG VWULS 7R
PLQLPL]H VHFRQGDU\ IORZ HIIHFWV DOO WKHPHDVXUHPHQWVZHUH
FRQGXFWHG DORQJ WKH FHQWUHOLQH RI WKH FKDQQHO 3UHOLPLQDU\
WHVWV ZHUH FRQGXFWHG WR HQVXUH D IXOO\ GHYHORSHG IORZ
FRQGLWLRQ
7ZRGLIIHUHQW5H\QROGVQXPEHUV EDVHGRQGHSWKRI IORZ
ZHUH XVHG IRU HDFK WHVW FRQGLWLRQ 5H\QROGV QXPEHUV ZHUH
FKRVHQ LQ RUGHU WR NHHS IORZ FRQGLWLRQ DV VXEFULWLFDO LH
)URXGH QXPEHUV OHVV WKDQ XQLW\ )ORZ FRQGLWLRQV
FRUUHVSRQGHG WR YDOXHV RI WKH 5H\QROGV QXPEHU DUH 5HK  
8DYJGQ §  	  DQG FRUUHVSRQGHG WR )URXGH
QXPEHUDUH)U 8DYJJG§	+HUH8DYJ LV WKH
DYHUDJHYHORFLW\G LV WKHGHSWKRI IORZJ LV WKHDFFHOHUDWLRQ
GXH WR JUDYLW\ DQG Q LV WKH NLQHPDWLF YLVFRVLW\ RI WKH IOXLG
0HDVXUHGYDULDWLRQRIZDWHUVXUIDFHHOHYDWLRQZDVOHVVWKDQ
PP RYHU D VWUHDPZLVH GLVWDQFH RI  PP LPSO\LQJ D
QHJOLJLEOH SUHVVXUH JUDGLHQW 7KH VXPPDU\ RI WKH WHVW
FRQGLWLRQVZDVSUHVHQWHGLQ7DEOH,
$ FRPPHUFLDO WZRFRPSRQHQW ILEUHRSWLF /'$ V\VWHP
'DQWHF ,QF SRZHUHG E\ D P: $UJRQ,RQ ODVHU ZDV
XVHG IRU WKH YHORFLW\ PHDVXUHPHQWV 7KLV V\VWHP KDV EHHQ
XVHG LQ VHYHUDO SUHYLRXV VWXGLHV DQG GHWDLOV DUH DYRLGHG IRU
EUHYLW\ >@ >@ >@7KHRSWLFDO HOHPHQWV LQFOXGH D%UDJJ
FHOO D PP IRFXVLQJ OHQV DQG WKH EHDP VSDFLQJ ZDV 
PP  YDOLGDWHG VDPSOHV ZHUH DFTXLUHG DW HDFK
PHDVXUHPHQW ORFDWLRQ7KHGDWD UDWH YDULHG IURP+] WR 
+]3ULRUWRWKHPHDVXUHPHQWRIHDFKVHWRIGDWDWKHVLGHZDOO
RI WKH IOXPH ZDV FOHDQHG WR PLQLPL]H H[WUDQHRXV OLJKW
VFDWWHUHGIURPSDUWLFOHVGLVWULEXWHGWKURXJKRXWWKHLOOXPLQDWLQJ
EHDPV3ULRU WR WKH VWDUWRI WKHPHDVXUHPHQWV WKHZDWHUZDV
ILOWHUHGIRUVHYHUDOGD\VDQGWKHQVHHGHGZLWKKROORZVSKHUHV
0HDQ SDUWLFOH VL]H   PLFURQV DQG'HQVLW\    JFF
7KHFRQILJXUDWLRQRIWKHSUHVHQWWZRFRPSRQHQW/'$V\VWHP
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RQHFRPSRQHQW VWUHDPZLVH YHORFLW\ PHDVXUHPHQWV ZHUH
PDGH RYHU WKH HQWLUH GHSWK 7KH /'$ SUREH ZDV WLOWHG R
WRZDUGV WKH ERWWRP ZDOO WR FDSWXUH QHDU ZDOO GDWD IRU WZR
FRPSRQHQWYHORFLW\PHDVXUHPHQWV5HIHUHQFHV>@>@KDYH
VXFFHVVIXOO\DGRSWHGWKLVSURFHGXUHE\WLOWLQJWKHSUREHE\R










 6PRRWKEHG  a a a  a a a
 'LVWULEXWHG
URXJKQHVV
 a a a
  a a a
 &RQWLQXRXV
URXJKQHVV
 a a a
  a a a
 1DWXUDOVDQG
EHG
 a a a
  a a a
,,, 5(68/76
)LJ  VKRZV WKH 5H\QROGV VKHDU VWUHVV GLVWULEXWLRQ RQ
VPRRWK DQG URXJK EHGV LQ RXWHU YDULDEOHV IRU WKH ORZHU
5H\QROGV QXPEHUV 2QH FDQ QRWH IURP )LJ  WKDW WKH




WKH KLJKHVW SHDN IROORZHGE\ GLVWULEXWHG URXJKQHVV DQG VDQG
EHG FRQGLWLRQ +RZHYHU LQ WKH RXWHU UHJLRQ \ ! G WKH
GLVWULEXWHGURXJKQHVVSURYLGHVIRUWKHKLJKHVW5H\QROGVVKHDU
VWUHVVIROORZHGE\QHDUO\VDPHSURGXFWLRQE\ERWKFRQWLQXRXV
URXJKQHVV DQG VDQGEHG1HDU WKH IUHH VXUIDFH WKH5H\QROGV
VKHDU VWUHVV UHGXFHV DQG EHFRPHV QHJDWLYH IRU DOO EHG
FRQGLWLRQVDERYHWKHORFDWLRQZKHUHG8G\LVQHJDWLYH5HVXOWV
LQGLFDWH WKDW WKH UHGXFWLRQ RI 5H\QROGV VKHDU VWUHVV IURP LWV
PD[LPXP YDOXH LV PRUH RU OHVV OLQHDU IRU DOO VXUIDFH
FRQGLWLRQV2QHFDQFOHDUO\QRWHIURP)LJWKDWHIIHFWRIEHG
FRQGLWLRQRQ5H\QROGVVWUHVVLVGLVWLQFWO\YLVLEOHIURPQHDUEHG
WR WKHGHSWKRI IORZDVKLJKDV\§G+RZHYHU >@ >@




DQG PPSHEEOHV DQG WKH RXWFRPH FDQ EH D UHVXOW RI YHU\
VPDOO QXPEHU RI VDPSOH VL]H a  7KH YDULDWLRQ RI
5H\QROGV VKHDU VWUHVV IRU WKH KLJKHU 5H\QROGV QXPEHU >@
VKRZVDWUHQGVLPLODUWRWKDWDWWKHORZHU5H\QROGV+RZHYHU
LQWKLVFDVHWKHQDWXUDOVDQGEHGURXJKQHVVVKRZVWKHKLJKHVW
SHDN IROORZHG E\ GLVWULEXWHG URXJKQHVV EHG DQG FRQWLQXRXV
URXJKQHVV 7KURXJKRXW WKH GHSWK GLVWULEXWHG URXJKQHVV EHG
DOVR VKRZV PXFK PRUH SURGXFWLRQ RI 5H\QROGV VKHDU VWUHVV
WKDQ RWKHU URXJK EHGV (QKDQFHG 5H\QROGV VKHDU VWUHVV QHDU
URXJK EHGV UHVXOWHG GXH WR DUUD\V RI GLVFUHWH URXJKQHVV
HOHPHQWV DQG IORZ RYHU WKHVH VFDWWHUHG HOHPHQWV JHQHUDWHV D



















7KH GLVWULEXWLRQ RI GLIIHUHQW QRUPDOL]HG YHORFLW\ WULSOH
SURGXFWV u  vu    v DQG uv  ZKLFK SURYLGH YDOXDEOH
LQIRUPDWLRQ DERXW WXUEXOHQFH IORZ VWUXFWXUHV DUH VKRZQ LQ
)LJV  D E F DQG G UHVSHFWLYHO\ IRU WKH ORZHU
5H\QROGVQXPEHUV'LUHFWO\PHDVXUHGTXDQWLWLHVOLNHGHSWKRI
IORZ DQG PD[LPXP YHORFLW\ DUH XVHG DV WKH OHQJWK DQG
YHORFLW\ VFDOHV UHVSHFWLYHO\ WR UHGXFH DQ\ DGGLWLRQDO
XQFHUWDLQWLHV UHODWHG WR VFDOLQJ SDUDPHWHUV ZLWK FRPSXWHG
TXDQWLWLHV2QHFDQGHILQH u DQG uv  DVVWUHDPZLVHIOX[DQG
vu  DQG v DVZDOOQRUPDOWUDQVSRUWGLIIXVLRQRIWKHWXUEXOHQW
NLQHWLF HQHUJ\X DQGY UHVSHFWLYHO\ uv   LV DOVRGHILQHG DV
ZDOO QRUPDO WUDQVSRUW RI WKH 5H\QROGV VKHDU VWUHVV9HORFLW\
WULSOH SURGXFWV SURYLGH LQIRUPDWLRQ DERXW HMHFWLRQVZHHS
F\FOHZKLFKLVWKHPDLQFRKHUHQWPRWLRQUHVSRQVLEOHIRUPRVW
RI WKH WXUEXOHQW WUDQVSRUW +LJKHU YDOXHV RI u UHODWH WR
LQWHQVH HMHFWLRQVZHHS HYHQWV 2QH FDQ DOVR JHW DQ LQVLJKW




VPRRWK EHG u  LV ±YH DQG vu   LV YH DW WKH ORFDWLRQ YHU\
FORVH WR WKHEHG7KLV LQGLFDWHVD VORZHUPRYLQJ IOXLGSDUFHO
ZLWK DQ XSZDUG WUDQVSRUW RI X PRPHQWXP UHSUHVHQWLQJ DQ
HMHFWLRQ W\SHPRWLRQ2QHFDQDOVRQRWHIURP)LJVDDQG
E WKDW u  DQG vu   FKDQJHV VLJQ DQG EHFRPH YH DQG ±YH
UHVSHFWLYHO\QHDUWKHURXJKEHG7RJHWKHUZLWKYHDQGPXFK
KLJKHU YDOXH RI u DQG YH YDOXH RI vu   LQGLFDWHV D VWURQJ
VZHHSLQJ DFWLRQ PRWLRQ LQ WKH VWUHDPZLVH GLUHFWLRQ WKDW LV
SDUWO\GLUHFWHGWRZDUGVWKHEHG$VRQHSURJUHVVIURPWKHEHG
WRZDUGV WKH IUHH VXUIDFH ERWK SDUDPHWHUV FKDQJHV VLJQ
6LPLODUREVHUYDWLRQZDVPDGHE\ >@DQG UHODWH WKLV FKDQJH
ZLWKFKDQJHVRIHMHFWLRQVZHHSF\FOHDQGPRGLILFDWLRQRIWKH
ORQJLWXGLQDO YRUWLFHV ZLWK DFFRPSDQ\LQJ ORZVSHHG VWUHDNV
SURGXFHGE\WKHURXJKEHG$VRQHPRYHIXUWKHUIURPEHG\
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!  G WKH YDOXH RI u EHFRPHPRUH QHJDWLYH FDXVLQJ WKH
VXEVWDQWLDO UHGXFWLRQ RI VZHHS HYHQW DQG VWD\ QHJDWLYH
WKURXJKRXW WKH GHSWK 2QH FDQ DOVR QRWH WKH VLJQLILFDQW
GLIIHUHQFHRI u EHWZHHQVPRRWKDQGURXJKEHGWKURXJKRXWWKH
IORZ GHSWK 7KLV LV LQ GLUHFW FRQWUDVW ZLWK >@ >@ ZKR
GLGQ¶WREVHUYHPXFKYDULDWLRQDWGLVWDQFH\G!+RZHYHU
>@ IRXQG ODUJH GLIIHUHQFHV RI WKH YDULDWLRQ RI u IRU IORZV
RYHU WUDQVYHUVH URG URXJKQHVV XS WR WKH HGJH RI ERXQGDU\
OD\HU5HIHUHQFH>@UHODWHGWKLVGLIIHUHQFHWRWKHODFNRIORQJ
VWUHDPZLVH YRUWLFHV QHDU WKH URXJK ZDOO 5HIHUHQFH >@ DOVR
QRWHGWKDWWKHPHFKDQLFVRIWKHHQWUDLQPHQWRIORZPRPHQWXP
IOXLG DW WKH ZDOO GLIIHUHG IRU URXJK EHG FRQGLWLRQV LQ
FRPSDULVRQ RI WKH VDPH IRU VPRRWK ZDOO 7KH WUHQG RI WKH
YDULDWLRQ RI v )LJ  F LV YHU\ VLPLODU WR WKH YDULDWLRQ RI
vu   )LJ  E ZLWK WKH H[FHSWLRQ WKDW v  LV SRVLWLYH
WKURXJKRXW WKH GHSWK DQG WKH PDJQLWXGH LV PXFK VPDOOHU
aWKDQ vu  &RPSDULQJ uv  )LJGZLWK u )LJ
DRQHFDQQRWHTXDOLWDWLYHO\VLPLODUWUHQGZLWKPDJQLWXGHRI
uv  YHU\PXFKORZHUaWKDQ u 5HIHUHQFHV>@>@
LQ WKHLU 2&) H[SHULPHQWV DQG >@ >@ LQ WKHLU 7%/
H[SHULPHQWV KDG DOVR QRWHG VLPLODU UHGXFWLRQ RI YDOXH 7KH
GLIIHUHQFHVEHWZHHQ v DQG vu  DQG uv DQG u DUHPDLQO\
GXH WR WKH OHVV WXUEXOHQW LQWHQVLW\ LQZDOOQRUPDOGLUHFWLRQ WR
WKDW RI VWUHDPZLVH GLUHFWLRQ $OWKRXJK WKHUH DUH VLPLODULWLHV
DERXWUDWLRVRIPDJQLWXGHRIGLIIHUHQWWULSOHSURGXFWVEHWZHHQ
2&) DQG 7%/ EXW WKHUH DUH GLIIHUHQFHV DERXW WKH H[WHQW RI
GHSWKDIIHFWHGE\URXJKQHVVPDLQO\LQWKHRXWHU OD\HUGXHWR
IUHHVXUIDFHHIIHFW2QHFDQQRWHIURP)LJWKDWWKHYDOXHRI
QRUPDOL]HG GLIIHUHQW YHORFLW\ WULSOH SURGXFWV DWWDLQV LWV ORFDO
PD[LPXP PLQLPXP DW WKH VDPH ORFDWLRQ § G WR §
G2QHFDQDOVRQRWHDWRGHFUHDVHLQFUHDVH
LQ PDJQLWXGH RI GLIIHUHQW YHORFLW\ WULSOH SURGXFWV EHWZHHQ
VPRRWKDQGURXJKEHGV5HIHUHQFH>@DOVRQRWLFHGVLJQLILFDQW
GHFUHDVHLQFUHDVH a  EHWZHHQ VPRRWK EHG DQG IORZ
RYHU ERWK VPRRWK DQG URXJK GXQHV 7KLV LQGLFDWHV WKDW
URXJKQHVV KDV VLJQLILFDQW HIIHFW RQ WKH WUDQVSRUWDWLRQ RI
WXUEXOHQW NLQHWLF HQHUJ\ DQG 5H\QROGV VKHDU VWUHVV $V RQH
PRYH IURP ORFDO PD[LPXPPLQLPXP OHYHO WRZDUGV WKH IUHH
VXUIDFH YDOXHV IRU GLIIHUHQW YHORFLW\ WULSOH SURGXFWV
DSSURDFKHVWR]HURIRUDOOVXUIDFHV
2QH FDQ FRQFOXGH IURP DERYH GLVFXVVLRQ WKDW WKH
SURGXFWLRQRIIOX[RI WXUEXOHQFWNLQHWLFHQHUJ\ LQVWUHDPZLVH
GLUHFWLRQ LV LQ H[FHVV RI WXUEXOHQW GLIIXVLRQ LQ QRUPDO WR WKH
EHG ZKHUHDV SURGXFWLRQ RI IOX[ RI WXUEXOHQW NLQHWLF HQHUJ\
QRUPDO WR WKHEHG LVZHOODEVRUEHGE\ WKHWXUEXOHQWGLIIXVLRQ
LQWKHVWUHDPZLVHGLUHFWLRQ0RUHRYHU WKHQHDU]HURYDOXHRI
WULSOH FRUUHODWLRQV QHDU IUHH VXUIDFH LV DQ LQGLFDWLRQ RI
LQVLJQLILFDQWWXUEXOHQWDFWLYLW\QHDUIUHHVXUIDFH2QHFDQDOVR
QRWH WKDW WKH ORFDWLRQ RI ORFDO PD[LPXPPLQLPXP LQ WKH
SURILOHV LV LQGHSHQGHQW RI WKH W\SH RI URXJKQHVV'LVWULEXWHG
URXJKQHVV SURILOH VKRZV WKH JUHDWHVW YDULDWLRQ IROORZHG E\
VLPLODUYDULDWLRQIRUFRQWLQXRXVURXJKQHVVDQGVDQGEHG1HDU
EHG \ G WXUEXOHQW DFWLYLW\ DOVR VKRZVGHSHQGHQF\RQ
EHG VXUIDFH FRQGLWLRQV VXFK WKDW HMHFWLRQ W\SH DFWLYLW\ ZDV
REVHUYHGIRUIORZRYHUVPRRWKEHGZKHUHDVVZHHSLQJW\SHRI
DFWLYLW\ZDVREVHUYHGIRUIORZRYHUURXJKEHG,IRQHZHUHWR
H[WUDSRODWH WKH DERYH PHQWLRQHG IORZ SURFHVV WR UHDO ILHOG
VFHQDULR VXFK VWURQJ VZHHSLQJ RU HMHFWLRQ PRWLRQV RI IOXLG
SDUFHOV FRXOG LQIOXHQFH UHVXVSHQVLRQ DQG VHGLPHQW WUDQVSRUW
:LWK H[FHSWLRQ RI VZHHSLQJ HYHQW REVHUYHG DW QHDUEHG
ORFDWLRQ RI URXJK EHGV HMHFWLRQ HYHQW ZDV PRUH SURPLQHQW
RYHU WKH GHSWK RI IORZ7KH VWUHQJWK RI HMHFWLRQ HYHQW DJDLQ
GHSHQGV RQ WKH EHG VXUIDFH FRQGLWLRQ ZLWK GLVWULEXWHG
URXJKQHVV VKRZV PRUH HMHFWLRQ HYHQWV WKDQ RWKHU URXJKQHVV
FRQGLWLRQV7KHYDULDWLRQRIYHORFLW\WULSOHSURGXFWVIRUKLJKHU
5H\QROGVQXPEHU>@ LVYHU\PXFKVLPLODU WR WKDW IRU ORZHU
5H\QROGV QXPEHU )LJ  DQG DYRLGHG KHUH IRU EUHYLW\
+RZHYHU WRZDUGV WKH IUHH VXUIDFH YDOXHV IRU GLIIHUHQW












































$Q H[SHULPHQWDO VWXG\ ZLWK IRXU GLIIHUHQW W\SHV RI EHG
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URXJKQHVV LQ RSHQ FKDQQHO IORZ DW WZR GLIIHUHQW 5H\QROGV
QXPEHUV 7KH EHG FRQGLWLRQV LQFOXGH D VPRRWK VXUIDFH DQG
WKUHH GLIIHUHQW URXJKQHVV FRQGLWLRQV ZKLFK ZHUH JHQHUDWHG
XVLQJ VDQG JUDLQV ZLWK DPHGLDQ GLDPHWHU RI PP 7KH
WKUHH URXJK FRQGLWLRQV LQFOXGH D VXUIDFH ZLWK GLVWULEXWHG
URXJKQHVV D VXUIDFHZLWK FRQWLQXRXVO\ GLVWULEXWHG URXJKQHVV
DQGDVDQGEHGZLWKDSHUPHDEOHLQWHUIDFH$FRPPHUFLDOWZR
FRPSRQHQW ILEUHRSWLF /'$ V\VWHPZDV XVHG WR FRQGXFW WKH
YHORFLW\PHDVXUHPHQWV 7KH YDULDEOHV RI LQWHUHVW LQFOXGH WKH
PHDQ YHORFLW\ WXUEXOHQFH LQWHQVLW\ FRUUHODWLRQ EHWZHHQ WKH
VWUHDPZLVH DQG WKH ZDOO QRUPDO WXUEXOHQFH 5H\QROGV VKHDU






 7KH UHVXOW VKRZV D  WR  GHFUHDVHLQFUHDVH LQ
PDJQLWXGH RI GLIIHUHQW YHORFLW\ WULSOH SURGXFWV EHWZHHQ
VPRRWKDQGURXJKEHGV7KLVLQGLFDWHVWKDWURXJKQHVVKDV
D VLJQLILFDQW HIIHFW RQ WKH WUDQVSRUWDWLRQ RI WXUEXOHQW
NLQHWLFHQHUJ\DQG5H\QROGVVKHDUVWUHVV
 1HDUEHGWXUEXOHQWDFWLYLW\DOVRVKRZVGHSHQGHQF\RQEHG
VXUIDFH FRQGLWLRQV VXFK WKDW HMHFWLRQ W\SH DFWLYLW\
GRPLQDWHV IRU IORZ RYHU VPRRWK EHGZKHUHDV VZHHSLQJ
GRPLQDWHV IRU IORZ RYHU WKH URXJK EHG ,I RQH ZHUH WR
H[WUDSRODWHWKHDERYHPHQWLRQHGIORZSURFHVVWRUHDOILHOG
VFHQDULR VXFK VWURQJ VZHHSLQJ RU HMHFWLRQ PRWLRQV RI
IOXLG SDUFHOV FRXOG LQIOXHQFH UHVXVSHQVLRQ DQG VHGLPHQW
WUDQVSRUW
 :LWKH[FHSWLRQRI VZHHSLQJHYHQWVREVHUYHGDWQHDUEHG
ORFDWLRQ IRU URXJK EHGV HMHFWLRQ HYHQWV ZHUH PRUH
SURPLQHQWRYHUWKHGHSWKRIIORZ
 7KH VWUHQJWKRI HMHFWLRQ HYHQW DJDLQGHSHQGVRQ WKHEHG
VXUIDFH FRQGLWLRQ ZLWK GLVWULEXWHG URXJKQHVV VKRZLQJ
PRUHHMHFWLRQHYHQWVWKDQRWKHUURXJKQHVVFRQGLWLRQV
 ([LVWHQFH RI LQWHUPLWWHQW VZHHS DQG HMHFWLRQ HYHQWV LV
XQLYHUVDO EXW WKH H[WHQW RI DIIHFWHG IORZGHSWK E\ HLWKHU
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